Neurons incorporated into the adult main olfactory bulb (MOB) and accessory olfactory bulb (AOB) derive from the subventricular zone (SVZ). Despite some recent studies on the role of olfactory neurogenesis in sociosexual behaviors mediated by hormones, data on the implication of estrogens are still lacking. Taking advantage of female aromatase-knockout (ArKO) mice, which are unable to produce estradiol across their life span, we investigated the role of estradiol exposure during early postnatal and adult periods on adult neurogenesis in the MOB and AOB. We found that proliferation of progenitor cells in the adult female SVZ was not influenced by estradiol. However, whereas adult exposure to estradiol influences the turnover of MOB newborn neurons, the survival of those in the AOB depends on exposure to estradiol during the early postnatal period. Finally, based on their expression of Zif268, we showed that newborn neurons in the MOB responded to sociosexual odors, albeit to a lesser extent in ArKO females, suggesting a contribution of estradiol during the early postnatal period to this response. Together, these results suggest that the survival and functional integration of newborn neurons in the adult female MOB and AOB are differentially influenced by estrogens from the early postnatal period to adulthood.-Veyrac, A
Neurogenesis occurs continuously in some regions of the adult nervous system (1, 2) , with the hippocampal dendate gyrus (DG) and the olfactory bulb (OB) representing the two best characterized networks that continuously integrate large numbers of newborn neurons during adulthood (3) (4) (5) . In the olfactory system, newly generated cells originate from the subventricular zone (SVZ), migrate along the rostral migratory stream (RMS), and differentiate into local interneurons (granule and periglomerular cells) before integrating into functional circuitry in both the main olfactory bulb (MOB) and accessory olfactory bulb (AOB) (6 -8) . Adult neurogenesis is regulated by intrinsic programs and external factors at all levels, including the proliferation of progenitor cells and the survival and the integration of newborn neurons (9) . Although sensory olfactory experience and learning play a crucial role in the survival and integration of newborn neurons in the MOB and AOB (8, 10 -14) , the physiological relevance of adult neurogenesis and subsequent plasticity (15) is still unknown. Some studies have suggested the involvement of olfactory neurogenesis in reproduction, such as mate selection (16) , pregnancy (17) , and maternal (18, 19) and paternal recognition behavior (20) , which are all mediated by prolactin. However, little attention has been paid to a potential role for estrogens in modulating olfactory neurogenesis (21) (22) (23) . This is surprising, since estradiol plays a key role in female olfactory reproductive behavior (24 -26) , and there is vast literature on the role of estrogens on neurogenesis in the adult DG (27, 28) . Therefore, in the present study, we determined the role of estradiol in adult olfactory neurogenesis by analyzing cell proliferation and the survival and functional integration of newborn neurons in the adult MOB and AOB of female aromatase-knockout (ArKO) mice, which carry a targeted mutation in the Cyp19 gene and cannot convert androgens into estrogens. A great advantage of the ArKO model is that the mice fail to produce estradiol but they have functional estrogen receptors to respond to exogenous estradiol at any point during the life span (29, 30) . To test the effects of estrogens in adult neurogenesis, we used wild-type (WT) and ArKO female mice that were either left gonadally intact or ovariectomized and were treated or not with estradiol at the beginning of adult life. Since the secretion of estrogens by the ovaries starts in the postnatal period around d 7 after birth in WT mice (31) , the comparison between the different hormone-treated WT and ArKO female groups provides an unique opportunity to evaluate the contribution of estradiol exposure during the early postnatal (from wk [1] [2] [3] [4] [5] [6] [7] [8] vs. the adult period (wk 8 and further) in the regulation of the adult olfactory neurogenesis and to determine whether any changes observed in ArKO mice could be reversed by adult treatment with estradiol.
MATERIALS AND METHODS

Animals
ArKO mice were generated by targeted disruption of exons 1 and 2 of the Cyp 19 gene (30) . Heterozygous males and females for the ArKO mutation (strain C57Bl/6j/sv129) were bred to generate WT and homozygous-null (ArKO) offspring. Mice were genotyped by PCR analysis of tail DNA (32) . All breeding and genotyping were performed at the department GIGA Neurosciences, University of Liège (Liège, Belgium). All experimental female mice (nϭ72) were group housed (6/cage) in climatecontrolled housing units on a reversed 12-h light-dark cycle (lights on at 8:00 PM). Food and water were available ad libitum. All experiments were conducted in accordance with the guidelines set forth by the U.S. National Institutes of Health and were approved by the Ethical Committee for Animal Use of the University of Liège.
Surgery and hormonal treatment
Groups of adult WT and ArKO female mice were left gonadally intact (intact groups; nϭ24; 8 wk of age) and were grouped by genotype and housed 3 wk before the start of the experiment to promote synchronization of the estrous cycle in the WT females (33) . Intact female mice did not receive any additional hormone treatment, and their estrous cycle was determined by cellular profile analysis of vaginal smears collected by a noninvasive approach of flushing with a saline solution using glass Pasteur pipettes. ArKO females do not show any estrous cycles due to their estrogen deficiency, and their vaginal smears look like permanent diestrus (34, 35) .
Additional groups of adult WT and ArKO female mice were ovariectomized (OVX groups; nϭ24; 8 wk of age) under general anesthesia through an intraperitoneal injection of a mixture of ketamine (80 mg/kg/mouse) and medetomidine (Domitor; 1 mg/kg/mouse; Pfizer, Elsene, Belgium). Mice received atipamezole (Antisedan; 4 mg/kg/mouse, Pfizer) at the end of surgery to accelerate their recovery.
Finally, 2 groups of WT and ArKO female mice were ovariectomized (OVX-E2 groups; nϭ24; 8 wk of age) and implanted subcutaneously in the neck under general anesthesia with a 5-mm-long Silastic capsule containing 17-␤-estradiol (diluted 1:1 with cholesterol), which produced circulating levels of estradiol similar to those observed during estrus in intact females (36) .
Experimental procedures
Experiment 1: role of estradiol in cell proliferation in the adult SVZ
We evaluated the influence of estradiol on cell proliferation in the SVZ of WT (nϭ6/group) and ArKO (nϭ6/group) adult female mice under 3 different hormonal conditions (OVX, intact, and OVX-E2; Fig. 1A ). OVX and OVX-E2 mice were ovariectomized or ovariectomized and implanted with E2 on the first day of the experiment and returned to their home cages for 3 wk. On d 21, all mice received 2 intraperitoneal injections, 2 h apart, of 5-bromo-2Јdeoxyuridine (BrdU; Sigma-Aldrich, St. Louis, MO, USA; 50 mg/kg in physiological saline) and were killed 2 h after the last BrdU injection. Vaginal smears were performed in intact mice at the time of the first BrdU injection (Fig. 1A ).
Experiment 2: role of estradiol in newborn neuron survival in the MOB and AOB
In the adult MOB and AOB, the role of estradiol on the survival of newborn neurons independently of its observed effects on the proliferation of progenitor cells remains unknown. Therefore, to determine the influence of estradiol on only the survival rate of newborn neurons during their integration in the olfactory bulb, additional groups of female WT (nϭ6/group) and ArKO (nϭ6/group) mice (intact, OVX, and OVX-E2) were used (Fig. 2) . Mice of the OVX and OVX-E2 groups were ovariectomized on the first day of the experiment and returned to their home cages for 3 wk without receiving any hormone treatment. On d 21, all mice received 4 intraperitoneal BrdU injections (50 mg/kg; Sigma-Aldrich) every 2 h, before being returned to their respective cages for the remaining 4 wk of the experiment. To exclude any effects of estrogens on cell proliferation, OVX-E2 mice were implanted with the E2 capsule under light anesthesia the day after the BrdU injections, and the capsule was left in place for the remaining 4 wk of the experiment. Vaginal smears were taken in intact mice at the time of the first BrdU injection on d 21 and again on the last day of the experiment, just before the mice were killed (Fig. 2 ).
Experiment 3: role of estradiol in the functional integration of newborn neurons in the OB
Finally, we determined whether newly generated neurons that survived in the MOB and AOB were actually integrated into a functional circuitry by determining whether these cells were able to respond to a socially relevant odor stimulus for females, such as male urinary odors (11) . Before death, we exposed groups of WT and ArKO females of all 3 different hormonal conditions (OVX, intact, and OVX-E2) to either male urine or water to serve as control and processed their brains for double-label immunocytochemistry for BrdU and Zif268. Zif268 is an immediate early gene with neuronal expression driven by activitydependant plasticity (37) in newborn granular cells (20, 38 -40) .
Urine was collected from 10 C57Bl/6j males (Charles River Laboratories, L'Arbresles, France) by holding the mouse by the scruff off the neck over a funnel, taking care that no fecal contamination occurred. Urine samples were pooled and subsequently portioned into aliquots and stored at Ϫ80°C until use. One week before the end of the experiment, all mice of experiment 2 (cell survival; Fig. 2 ) were trained daily for 1 wk to the urine exposure procedure by applying deionized water onto the nose, as described previously (41) . This method of urine exposure has been shown to activate both the main and the accessory olfactory system (42) . On the day of urine exposure, all mice of the 3 experimental groups were housed alone 2 h before olfactory stimulation in clean cages without food and water and were then separated into 2 subgroups. Treatment-subgroup mice were exposed to 30 l of male urine that was applied onto the nose and were additionally exposed to 100 l of male urinary odors applied onto a cotton swab that was subsequently placed in a tea ball and suspended from the cage lid for 30 min (exposure to volatile urinary odors). Control-subgroup mice received 30 l of deionized water on the nose and additionally 100 l of water in the tea ball for 30 min. Mice were killed 60 min after the end of olfactory stimulation to measure the expression of Zif268 in newborn cells labeled by BrdU.
Tissue preparation and sectioning
Mice were deeply anesthetized with the same mixture of ketamine/medetomidine used for ovariectomy and killed by intracardiac perfusion of a solution containing 4% cold paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were dissected out and fixed overnight in the same perfusion solution at 4°C, immersed for 96 h at 4°C in phosphate buffer containing 20% sucrose, and frozen in chilled isopentane (Ϫ50°C). The brains were sectioned in the coronal plane with a cryostat (Leica, Nussloch, Germany) into 14-m-thick serial sections collected at the anatomical levels comprising the MOB, AOB, and SVZ. The sections were mounted onto superfrost plus sides (Carl Zeiss, Oberkochen, Germany).
Immunochemistry
All brain sections were processed for immunoreactivity as described previously (43) . Brain sections were preincubated in Target Retrieval Solution (Dako, Heverlee, Belgium) for 20 min at 95°C. After cooling for 20 min, sections were treated with 0.5% Triton in PBS for 30 min and then for 3 min with pepsin (0.0125% in 0.1 N HCl; Sigma-Aldrich). Endogenous peroxidases were blocked with a solution of 3% H 2 O 2 in 0.1 M PBS. Sections were then incubated for 90 min in 5% normal serum (Vector Laboratories, Burlingame, CA, USA) in 5% BSA (Sigma-Aldrich) and 0.125% Triton X-100 to block nonspecific binding, and incubated overnight at 4°C in a mouse anti-BrdU primary antibody (1:100; Chemicon, Temecula, CA, USA) to label newborn cells or 48 h at 4°C in a rabbit anti-caspase-3 (Casp3) antibody (1:500; Cell Signaling Technology, Danvers, MA, USA) to label apoptotic cells. Sections were then incubated in a horse biotinylated antimouse (1:200; Vector Laboratories) or in a goat anti-rabbit (1:200; Vector Laboratories) secondary antibody for 2 h at room temperature. Sections were then processed with avidinbiotin-peroxidase complex (ABC Elite Kit; Vector Laboratories) for 30 min, followed by 3 rinses of 5 min in PBS. Finally, sections were reacted in 0.05% 3,3-diaminobenzidine-tetrahydrochloride (Sigma-Aldrich), 0.03% NiCl 2 , and 0.03% H 2 O 2 in Tris-HCl buffer (0.05 M, pH 7.6); dehydrated in graded ethanols; and coverslipped in DPX.
For BrdU double-labeling experiments, sections treated as described before were first incubated overnight at 4°C in mouse anti-NeuN (1:500; Chemicon) or rabbit anti-Zif268 (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies and incubated for 2 h at room temperature in biotinylated horse anti-mouse or goat anti-rabbit secondary antibodies followed by streptavidin Alexa 488 (1:1000; Molecular Probes, Eugene, OR, USA). Sections were then processed for BrdU detection (mouse anti-BrdU, 1:100; Chemicon; or rat anti-BrdU, 1:100; Harlan Sera Laboratory, Loughborough, UK) overnight at 4°C. Immu- Figure 2 . Experimental design for assessing cell survival and the activation of newborn neurons in the MOB and AOB. Three additional groups of adult WT and ArKO female mice were submitted to 3 distinct hormonal treatments for 3 wk. OVX and OVX-E2 groups were ovariectomized on the first day and returned to their home cages for 3 wk. On d 21, all mice received 4 BrdU injections (at 2-h intervals) and were returned to their respective cages for 4 wk. OVX-E2 mice received implants the day after BrdU injections and kept the implants for the remaining 4 wk of the experiment. Vaginal smears (stars) were performed in intact mice at the time of the first BrdU injection on d 21 and again on the final day of the experiment, just before sacrifice (S). On the final day, all mice were separated into 2 subgroups, isolated for 2 h before stimulation, and exposed for 30 min to either deionized water or to male urinary odors. Mice were killed 60 min later to assess immediate Zif268 gene expression. noreactivities were revealed 2 h at room temperature with goat antirat or horse anti-mouse conjugated to Alexa 546 (1:200; Molecular Probes).
Quantification and image analysis
BrdU and Casp3-stained nuclei quantification
All cell counts were conducted in a masked fashion with regard to the experimental condition. Labeled profiles were counted with a Zeiss microscope coupled with mapping software (Mercator Pro; Explora Nova, La Rochelle, France). All BrdU nuclei were counted in the granular cell layer (GrCL) of the MOB (5 sections/animal spaced by 336 m), in the GrCL of the AOB (4 sections/animal spaced by 84 m), and in the SVZ (4 sections/ animal spaced by 336 m; from bregma 1.54 mm to bregma 0.14 mm) as described previously (43) . Concerning the Casp3 ϩ cells, all nuclei were counted in the GrCL of the MOB (3 sections/ animal, intersection intervals of 504 m) and in the GrCL of the AOB (3 sections/animal, intersection intervals of 84 m). The volume of the region of interest was calculated according to a conventional stereological equation (44), the profile density (number of labeled cell outlines/m 2 on sections) was derived from these data, and the total number of cells was calculated as described previously (43, 45) .
Double labeling analysis and quantification
All the sections were mounted in Vectashield medium with DAPI (Vector Laboratories) and analyzed using the Olympus Fluoview FV1000 confocal system equipped with the Olympus IX81 inverted microscope (Olympus Europa, Hamburg, Germany). To establish the percentage of BrdU cells double-labeled for NeuN or Zif268, serial sections from all mice were examined throughout the MOB and AOB. Colocalizations were evaluated in 20 -40 BrdU-labeled cells from each animal by performing z-stack acquisitions and 3-dimensional reconstructions using Fluoview 10-ASW 1.7.
Statistical analysis
The data were averaged across animals within each experimental group and are presented as means Ϯ se. Statistical comparisons were conducted by 2-way ANOVA followed by Fisher's least significant difference post hoc test. Only effects detected by the ANOVA tests with a value of P Ͻ 0.05 are mentioned as significant in the results.
RESULTS
Postnatal and adult exposure to estradiol does not influence progenitor cell proliferation in the adult SVZ
The rate of cell proliferation was measured in WT and ArKO female mice of the 3 experimental groups (OVX, intact, and OVX-E2) 2 h after BrdU administration, and the labeled cells were counted in the SVZ (Fig. 1A, B) . Overall, no differences in the number of BrdU-labeled cells and SVZ volume were observed between ArKO and WT mice, suggesting that cell proliferation is not affected by estradiol in the hormonal conditions tested. Indeed, the lack of estrogens during the postnatal period in ArKO mice did not affect progenitor cell proliferation or the volume of the adult SVZ [ Fig. 1C, D F( 1,12 )ϭ4.710, Pϭ0.061] . Moreover, in comparison to OVX mice, the number of BrdUlabeled proliferating cells and the volume of the SVZ in WT and ArKO mice were not affected in the intact condition (5 of 6 WT mice were in proestrus) and the OVX-E2 condition, which mimics circulating levels of estradiol observed during estrus (36) [Fig. 1C, D 
Adult estradiol negatively regulates the survival of newly generated neurons in the MOB
The rate of surviving newborn neurons in the MOB was evaluated 4 wk after BrdU injections in intact, OVX, and OVX-E2 WT and ArKO adult mice (Figs. 2 and 3A) . Overall, adult estradiol decreased the survival of newborn cells in the GrCL, which is the main target of newly generated neurons in the MOB [ Fig. 3A The reduced survival of newborn cells observed in the different experimental groups was correlated with a decrease in the GrCL volume, which is generally considered as a sign of cell loss (45, 46) [data not shown; effect of hormonal condition: F( 2,10 )ϭ10.753, Pϭ0.003; but no effect of genotype: F( 1,10 )ϭ0.228, Pϭ0.643].
BrdU ϩ cells in the MOB were identified as mature granule cells by their localization in the MOB (Fig. 3A) and by their expression of the neuronal marker NeuN (Fig. 3C) Together, these results demonstrate that estrogen exposure in adulthood, but not earlier in life, somehow reduces the incorporation of newborn granule neurons in the adult MOB and thereby affects their survival.
Survival of newborn neurons in the adult AOB depends on postnatal exposure to estradiol
In contrast with the MOB, ArKO mice had a significantly lower number of newborn granule cells in the AOB compared with WT mice [ Fig. 4A, B (Fig. 4C ), indicating that they were mature neurons. There were neither genotype differences nor an effect of hormonal condition on the proportion of BrdU/NeuN doublelabeled cells in the AOB, suggesting that estradiol did not influence the rate of neuronal differentiation of newly generated cells in the AOB [ Fig. 4D Despite that the number of 4-wk-old neurons in the AOB was reduced in ArKO-OVX mice (Fig. 3B) (8) reporting that newborn granule cells in the AOB are predominantly sensitive to cell apoptosis between 7 and 15 d after birth.
All these results suggest that postnatal exposure to estrogens is somehow required to present a normal (WT) rate of neurogenesis that occurs in the adult female AOB. However, adult treatment with estradiol can reverse this reduction in cell survival.
Estradiol differentially influences the activation of newborn neurons by male urinary odors in the adult female MOB and AOB
Finally, we determined the influence of estrogens on the functional integration of newly generated neurons by determining their expression of Zif268 in response to a socially relevant odor stimulus for females, such as male urinary odors. We observed in WT mice that after a 4 wk survival time, in absence of any odor stimulation (i.e., water-exposed groups), a significant subpopulation of MOB (Fig. 5A) and AOB (Fig. 5B) . Therefore, the proportion of BrdU-Zif268 cells in mice stimulated with water was pooled as "control water" groups for each genotype ( Fig. 5C, D; red bars) .
In the MOB, male urinary odors differentially activated BrdU cells in WT and ArKO mice as well as in OVX vs. intact vs. OVX-E2 mice [ Fig. 5C ; significant effect of hormonal condition: F( 3,12 )ϭ6.169, Pϭ0.009; significant effect of genotype: F ( 1,12 )ϭ30.332, Pϭ0.0001 ]. An increase of 126% of BrdU/Zif268-expressing cells was observed in intact WT mice exposed to male urine in comparison to the water-exposed control group or ArKO mice (Pϭ0.0001, WT-intact control water vs. urine stimulation; Pϭ0.0001, WT-intact vs. ArKO-intact). This same increase was, however, not observed in WT or ArKO mice treated with estradiol in adulthood (Pϭ0.501, WT-OVX-E2 control water vs. urine stimulation; Pϭ0.680, ArKO-OVX-E2 control water vs. urine stimulation). These results suggest that some other hormone may be involved in the responsiveness of these newly born cells to urinary odors. Since levels of progesterone in intact ArKO mice are close to levels measured in estrus/proestrus stages in WT mice (5 of 6 intact mice were in estrus/ proestrus before the olfactory stimulation; ref. 29) , it seems unlikely that progesterone influenced directly the responsiveness of MOB newborn cells to male urinary odors in intact WT vs. ArKO mice. However, it should be noted that the expression of progesterone receptors is not normal in intact ArKO mice (data not shown) since progesterone receptors are induced by estradiol (48, 49) . Thus, we cannot rule out the possibility that progesterone in conjunction or not with fluctuating estrogen levels influences the responsiveness of MOB newborn cells to male urinary odors. Interestingly, OVX ArKO mice exposed to male urine had significantly lower numbers of double-labeled BrdU/Zif268 cells than ArKO mice exposed to water (Pϭ0.027). This decrease in the responsiveness of BrdUlabeled cells to male urinary odors was reversed in intact and OVX-E2 ArKO mice; however, they never reached higher levels than those observed in the water-exposed groups (Pϭ0.409, ArKO-intact control water vs. urine stimulation; Pϭ0.680, ArKO-OVX-E2 control water vs. urine stimulation). These results suggest that postnatal exposure to estrogens is required to significantly activate newborn granule cells in response to male urinary odors.
In the AOB, a decreased responsiveness of newborn cells to male odors was also observed in OVX ArKO mice [ Fig. 5D ; hormonal condition: F( 3,12 )ϭ 5.162, Pϭ0.016; Fisher's post hoc test: Pϭ0.050 control water vs. urinary odors], which was reversed in intact and OVX-E2 ArKO mice (Pϭ0.402, ArKO-intact control water vs. urine stimulation; Pϭ0.909, ArKO-OVX-E2 control water vs. urine stimulation). By contrast, we did not observe any significant increase in the proportion of BrdU-Zif268-labeled cells in the AOB of intact WT mice as was observed in the MOB. Moreover, no significant differences between groups [genotype: F( 1,12 )ϭ 0.540, Pϭ0.476] were observed. Taken together, these results suggest that only newborn MOB neurons are responsive to male urinary odors under postnatal and adult cycling estrogen influences.
DISCUSSION
Three main results have been obtained in this study. First, the proliferation of progenitor cells produced in the adult female SVZ is not influenced by estradiol regardless of whether it is present during the postnatal period or in adulthood or whether the brain is exposed to estradiol in a chronic fashion or a cyclical one as a function of the estrous cycle. Second, opposite effects of estradiol have been observed on the survival of newborn cells in the MOB vs. the AOB. Overall, adult estrogens influence the neuronal turnover of the adult MOB by negatively regulating the survival of newly generated neurons. By contrast, the incorporation of surviving newborn neurons in the adult AOB depends on a normal exposure to estrogens during the postnatal period. Finally, the responsiveness of newborn neurons of the MOB to male odors is modulated by both early postnatal and adult exposure to estradiol.
Taken together, these results demonstrate that the turnover and functional integration of newborn neurons in the adult female MOB and AOB are differentially influenced by estradiol from the early postnatal period to adulthood, opening new insights into the dual role of the MOB and AOB neurogenesis in the olfactory processing of sociosexual cues regulated by estrogens.
Estrogens do not affect the proliferation of progenitor cells in the adult female SVZ
Numerous studies (28) have demonstrated a role of estradiol in cell proliferation of progenitor cells in the DG of the hippocampus. Indeed, several studies (50, 51) have shown in different species positive correlations between high levels of estradiol during the estrous cycle (proestrus) and high rates of progenitor cell proliferation in the adult DG of females. As it was previously shown (51, 52), we did not observe in the present study any effect of estradiol on the proliferation of progenitor cells in the intact or in the OVX-E2 adult female SVZ, suggesting that estradiol differentially controls the birth of newly generated cells in the adult SVZ and the DG of the hippocampus (28) . Moreover, our present results partly differ from what we previously observed with a short 2-d estradiol treatment (23) , suggesting that, as has been reported for the DG of hippocampus, estradiol influences SVZ cell proliferation in a dose-and time-dependent manner (51, (53) (54) (55) (56) . Even if we cannot exclude that estradiol may influence proliferation of SVZ progenitor cells under some physiological conditions (21) , the present data demonstrate that estradiol deficiency over a prolonged period of time as is the case in ArKO mice did not affect cell proliferation in the adult SVZ.
Estrogens have opposite effects on the survival of newborn neurons in MOB and AOB
In the adult female DG as well as in the MOB and AOB, the role of estradiol on cell survival independently of its effects observed on cell proliferation remains unknown, since all previous studies analyzed the effect of estradiol treatment only at the time of cell proliferation (22, 57) . In the present study, we observed that exposure to estradiol during adulthood decreases the survival of newborn granule neurons in the adult MOB. After arriving in the MOB, only half of the newborn cells survive during a critical period that occurs between 15 and 45 d after birth (45, 58). Since our female mice were implanted with an estradiol capsule after receiving BrdU injections and since we did not obtain any effect of estradiol on cell proliferation in the SVZ, we assume that the decreased number of newborn neurons observed in the MOB is likely due to a decrease of survival of newly generated cells that mature and integrate into the MOB. Because this decrease in newborn cell survival was also observed in intact WT female mice, we can rule out any deleterious effect of a continuous exposure to estradiol on cell survival. Thus there seems to be a physiological role of estradiol in neuronal elimination of newborn cells that will or will not survive during this particular period. Future experiments are required to better understand the behavioral consequences of this regulatory effect of estradiol on newborn neuron turnover in the MOB. Interestingly, many studies have shown that the regulation of newborn neuron survival during this short critical period depends on sensory experience (1) and that turnover and active elimination processes of newborn neurons optimize olfaction by playing a crucial role in optimal odorant exploration, discrimination, and olfactory learning (13, 59) .
In contrast to the MOB, the survival of newborn neurons in the AOB depends on a normal (WT) exposure to estradiol during the postnatal period. Even if the present data did not identify the precise postnatal stages at which exposure to estradiol is required, since basal secretion of estradiol by the ovaries starts around d 7 after birth, the decreased rates of surviving newborn neurons observed in the AOB of adult OVX and intact ArKO mice are obviously due to them being deprived from estrogens from P7 to P56 (time of ovariectomy in WT mice). This postnatal interval comprises prepubertal and pubertal periods during which increasing levels of estradiol can facilitate the later capacity to display female sexual behavior (26) . However, this "organizational" effect of estrogens is not restricted to the postnatal period, since adult treatment with estradiol completely restored this neurogenic defect in ArKO females, whereas sexual behavior was not restored (26) . Interestingly, it has also been shown that neurons generated during the postnatal period substantially differ in terms of turnover and function in olfaction from neurons that are born during adulthood (60) , suggesting that postnatal events such as estradiol exposure and its influence on early neurogenesis could play an essential role in shaping the architecture of the AOB, thereby allowing neurons generated later in life to optimally survive and to be functionally integrated into the adult network.
Estrogens positively modulate the responsiveness of newborn neurons to urinary odors in the adult MOB only
We analyzed the expression of Zif268 (egr-1) in BrdU ϩ granule neurons in response to male urinary odors, which has been shown to be effective in activating newborn cells in both the MOB and AOB (11) . We observed that exposure to male urinary odors only increased Zif268 expression in the MOB BrdU ϩ cells of intact WT female mice and not in any of the other WT and ArKO experimental groups, suggesting that both postnatal and adult fluctuating levels of estrogens significantly influence the responsiveness of newborn neurons. Even though levels of progesterone in intact ArKO mice are close to levels measured in intact WT females (29) , the expression of progesterone receptors is not normal in ArKO females since it needs to be induced by estradiol (48, 49) , and thus a synergistic action between estradiol and progesterone cannot be excluded (61) . In addition to a complete absence of responsiveness of newborn neurons in ArKO female mice to male urinary odors, we obtained a clear down-regulation of Zif268 expression in newborn cells in OVX ArKO mice. Although surprising, this result suggests that the total absence of hormones in ArKO mice can negatively modulate Zif268 expression (62) . Even if precise mechanisms by which estrogens regulate Zif268/egr-1 expression in MOB newborn cells remain unclear, it has already been observed in the anterior pituitary that cyclical levels of estrogens during the reproductive cycle can positively regulate egr-1 expression via an estrogen-responsive element in the egr-1 promoter (63) and later mediate GnRH-stimulated LH␤ subunit gene expression (64 -66) that controls various aspects of olfactory reproductive behaviors (67, 68) . Furthermore, since it was notably demonstrated that Zif268 governs molecular events involved in the maintenance of long-term potentiation in the DG of the hippocampus (69), estrogen-induced Zif268 expression in newborn neurons in response to urinary odors could reflect an index of functional integration into the MOB network and also a particular sensitivity of these cells to synaptic plasticity (15) implicated in olfactory discrimination learning (40) .
Estrogens differently modulate AOB and MOB neurogenesis
Our data show a strong difference in the implication of postnatal vs. adult exposure to estrogens in the survival and functional integration of newborn neurons in the AOB and MOB. In summary, postnatal exposure to estradiol strongly acts on the survival of AOB newborn neurons,whereas both survival and functional integration of MOB newborn neurons are predominantly controlled by adult estrogens. These results reinforce not only previous data on the complementary role of the accessory and main olfactory systems in the control of sociosexual behaviors (24) but also may explain the disturbed phenotype of ArKO female mice with regard to their olfactory investigation of volatile and nonvolatile sociosexual cues and their reproductive behaviors (26) . Taken together, our data open new insights into the complementary roles of estradiolregulated adult neurogenesis in the AOB and MOB and may lead to new perspective studies on their respective roles in estradiol-controlled sociosexual behaviors.
